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Characterization of neuropeptide F and its receptor from the African
malaria mosquito,Anopheles gambiae
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Abstract

The genome ofAnopheles gambiaecontains sequences encoding a neuropeptide F (Ang-NPF) and NPF receptor (Ang-NPFR) related
to the neuropeptide Y signaling family. cDNAs for each were cloned and sequenced. Ang-NPFR was stably expressed for radioligand
binding analysis. Ang-NPF exhibited high affinity (IC∼ 3 nM) membrane binding; NPFs fromAedes aegypti(Aea-NPF) andDrosophila
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elanogaster(Drm-NPF) were less potent, with the rank order: Ang-NPF > Aea-NPF > Drm-NPF > Drm-NPF8–36. RT-PCR analysis reveal
ng-NPF and Ang-NPFR transcripts in all life stages. Ang-NPF and Ang-NPFR may be strategically positioned for signaling in re
utritional status in the African malaria mosquito.
2004 Elsevier Inc. All rights reserved.
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. Introduction

Members of the neuropeptide Y (NPY) family of regu-
atory peptides have a broad occurrence among metazoan
nimals. Among vertebrates, family members include NPY,
eptide YY (PYY), and pancreatic polypeptide (PP) (cf.[2]).
rthologous peptides have been characterized for a wide

ange of invertebrate taxa, including platyhelminths, mol-
usks, and arthropods[30]. These invertebrate peptides have
een termed neuropeptide Fs (NPF). Sequence similarities
mong NPY family members are readily apparent across the

axonomic spectrum (cf.[30]), with the closest similarities
oinciding with species relatedness. Among insects, NPFs
ave been identified by sequence for the fruit fly,Drosophila
elanogaster(Drm-NPF; [3]), the yellow fever mosquito,
edes aegypti(Aea-NPF; [30]), and the African malaria
osquito,Anopheles gambiae(Ang-NPF;[24]).

∗ Corresponding author. Tel.: +1 706 542 3383; fax: +1 706 542 4271.
E-mail address:crim@cb.uga.edu (J.W. Crim).

Receptors for NPY family members have been chara
ized for many vertebrates, but only a few invertebrates. A
seven-transmembrane G-protein coupled receptors (GP
For mammals studied to date, five subtypes of receptor
pear to occur in each species[2]. Among invertebrates, r
ceptors for NPFs have been identified functionally only f
snail,Lymnaea stagnalis[34] and forD. melanogaster[12].
Although sequence similarities among NPY receptors ac
taxa are apparent[8,11–13], the small number of sequenc
available for invertebrates has limited phylogenetic analy
Genome sequencing of select invertebrates provides
advances[13,18,20,33,35,36], and the recent completion
the genome ofA. gambiaeaugmented knowledge of GPC
[14], including those resembling identified NPY recepto

Knowledge of the physiological actions of peptides in
NPY family is expanding. Among mammals, NPY, PY
and PP exert regulatory roles in food intake, diges
metabolism, and reproduction[2], among other activitie
Particularly intriguing are the indications that NPY elic
the orexigenic response of increased food intake cent
whereas PYY secreted from the gut inhibits food intake[22].
196-9781/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
oi:10.1016/j.peptides.2004.07.014
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The latter anorexigenic effect is mediated by PYY3–36, the
principle circulating form of PYY, which acts via the NPY
Y2 receptor subtype[1]. Sequences of invertebrate NPF re-
ceptors most closely resemble those of the Y2 subtype (see
below). For insects, the localization of NPF in the central
nervous system (CNS) and in midgut[3,30] resembles the
distribution of NPY family peptides in vertebrates.

For dipteran insects, a role for NPF in coordination of
physiological processes dependent on nutritional status is
suggested by initial studies inD.melanogaster[28,39]andA.
aegypti[30]. In femaleA. aegypti, the hemolymph titer of im-
munoreactive NPF is altered by consumption of a blood meal
[30]. A blood meal is required for initiation of vitellogenesis,
completion of oogenesis, and consequent reproductive suc-
cess. As for many insect vectors, diseases are spread through
feeding activities. ForA. gambiae, hematophagy underlies
the transmission ofPlasmodiumparasites and the perpetua-
tion of malaria.

In the present study, Ang-NPF and a candidate NPF re-
ceptor (Ang-NPFR) were identified in the database of theA.
gambiaegenome, and cDNAs for each were cloned and se-
quenced. The cloned Ang-NPFR was transfected for stable
expression in CHO-K1 cells for radioligand binding analy-
sis. Species specificity of receptor binding was studied by
comparing binding activities of Ang-NPF, Aea-NPF, and
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plate (1�l) in PCR for the amplification of products encoding
the Ang-NPF ORF with the appropriate primers (0.2 pmol
each primer; 0.2�M each dNTP) and Taq Titanium poly-
merase (BD; 1 U/50�l total volume with 1X buffer) using
an Eppendorf Mastercycler gradient thermal cycler: initial
denaturation for 5 min at 95◦C, then amplification for 30 s
at 95◦C, 30 s at 72◦C/cycle, 30 s at 72−1◦C for 14 cy-
cles, then 30 s at 95◦C, 30 s at 58◦C, 30 s at 72◦C for 25
cycles followed by a 10 min 72◦C incubation. Ang-NPFR
ORF products were amplified from larval cDNA with the ap-
propriate primer pairs using the Expand High Fidelity PCR
system (Roche, 2.6 U/50�l; PCR mixture as above) accord-
ing to the manufacturer’s instructions: initial denaturation
for 5 min at 95◦C, then amplification for 15 s at 95◦C, 30 s
at 56◦C, 75 s at 72◦C for 10 cycles, then 15 s at 95◦C, 30 s
at 56◦C, 75 + 5 s/cycle at 72◦C for 25 cycles followed by a
10 min 72◦C incubation.

PCR products were separated on 1% agarose gels, and
ones of the expected size were excised, purified using GenE-
lute minus EtBr spin columns (Sigma), and cloned into
pCR®II-TOPO with TOP 10Escherichia colicompetent
cells (TOPO TA cloning® kit; Invitrogen, Carlsbad, CA).
After cloning, 20–50 white colonies were picked, and plas-
mid DNA purified (QIAprep® spin miniprep kit, QIAGEN
Inc., Valencia, CA). Four or more different Ang-NPF and
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rm-NPF. The distribution of Ang-NPF and Ang-NPFR tr
cripts in differing stages and body regions was determ
y RT-PCR. Results indicate that Ang-NPFR is likely
ognate receptor for Ang-NPF and that the ligand and re
or may be strategically positioned for signaling in rela
o nutritional status in the African malaria mosquito.

. Experimental procedures

.1. Cloning and sequences analysis of Ang-NPFR
DNAs

To obtain cDNA, total RNA was extracted from∼250
rozen larvae using the RNeasy® mini RNA extraction
it according to the manufacturer’s instructions and
luded DNAse treatment (Qiagen). Reverse transcrip
olymearse chain reaction (RT-PCR) was performed us

wo-step protocol employing the following condition: mRN
n total RNA from larvae was converted to cDNA w
d(T)12–18 oligo dT primer for 30 min at 42◦C by reverse

ranscription using a first strand synthesis kit (Amersh
hen inactivated at 95◦C for 5 min.

Nucleotide primers specific for genes encoding Ang-N
nd the putative Ang-NPFR were designed to encompa
educed open reading frames (ORF). The primer pairs

he following sequences: Ang-NPFfwd—GAC GAT GG
TC AGG CAC and Ang-NPFrev—CAT GTC TAG AT
TT GTT GGT AGC TG; Ang-NPFRfwd—GCA CAA CCG
CA TCC ACC ATG G and Ang-NPFRrev—CGG GA
TC AGG ACA TCA GCT C. Larval cDNA was used as te
ng-NPFR clones were sequenced at the Molecular G
cs Instrumentation Facility (MGIF, University of Georg
thens, GA) to obtain a single consensus nucleotide
uence. After it was translated into a suitable amino
equence, prediction of signal sequence, transmembra
ains,O-glycosylation sites, and Ser/Thr/Tyr phosphor

ion sites were done using the CBS prediction servers (C
or Biological Sequence Analysis, BioCentrum-DTU, Te
ical University of Denmark,www.cbs.dtu.dk). Ang-NPFR
rm-NPFR, and NPY receptor family sequences obta

rom GenBank were subjected to Clustal X alignment, a
ree was constructed based on Jukes–Cantor distance a
GCG), for an initial perspective on receptor phylogeny.

.2. RT-PCR analysis of Ang-NPF and Ang-NPFR gen
xpression in eggs, larvae, pupae and adults

Total RNA was extracted separately from 300 eggs
rom dissected head, thorax or abdomen of 10 individ
ach of 4th instar larvae, pupae, adult males, and non-

ed adult females, using the RNeasy® mini RNA extraction
it as described above. mRNA in the total RNA sam
as converted to cDNA primed with pd(T)12–18 oligo dT
rimer using Advantage reverse transcriptase for PCR
iosciences) according to the manufacturer’s instruction
escribed above for Ang-NPF RT-PCR, products were am
ed by PCR from each of the cDNAs obtained from the
erent life stages and body regions with the Ang-NPF pr
air, Ang-NPFfwd and Ang-NPFrev, or the Ang-NPFR p
ng-NPFRfwd and Ang-NINTrev (AT CGC AGT GAT GG
AT GGT TGA CAC). PCR products were separated on 1

http://www.cbs.dtu.dk/
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agarose gels, and bands were photographed. Initially, identi-
fication of the PCR products was confirmed by sequencing.

2.3. Expression of putative Ang-NPF receptor cDNAs in
CHO-K1 cells

The ORF coding region of Ang-NPFR cDNA was ex-
cised from pCR®II-TOPO using the restriction endonuclease
EcoRI. The purified insert was cloned into the mammalian
expression vector pcDNA3.1+ (Invitrogen, Carlsbad, CA)
linearized with the same enzyme, and transformants were
analyzed by PCR for directionality. The cDNA construct
was used to transfect CHO-K1 cells (American Type Culture
Collection, CCL-61) according to the protocol for six well
tissue culture plates using LipofectAMINE reagent (Life
Technologies Inc.). Briefly, CHO-K1 cells were grown
in RPMI-1640 media (Fisher) containing 1 mM pyruvate
(Fisher) and 10% fetal bovine serum (FBS; Fisher Scientific)
at 37◦C with 6% CO2 in six well tissue culture plates to a
density of approximately 75% confluency. DNA complexes
were formed by adding LipofectAMINE reagent to the
cDNA constructs (1�g) diluted in RPMI-1640 media.
The DNA-LipofectAMINE reagent complexes were
added to the CHO-K1 cells containing RPMI-1640 media
and incubated for 3 h at 37◦C with 6% CO2. After 3 h,
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additional 10�l of 0.006% hydrogen peroxide was added,
and after 10 min the reaction terminated by adding 100�l of
50% acetic acid. The radiolabeled Ang-NPF or Drm-NPF
mixture was loaded into a Beckman HPLC 421A/110B
system and fractionated on a reverse phase C8 column
(Vydac, 300Å, 4.6 mm× 150 mm): solvent A, water with
0.1% trifluoroacetic acid; and solvent B, 80% CH3CN in
solvent A with gradient program: 0–57% B, 10 min; 57–60%
B, 50 min; 60–100% B, 10 min at 1 ml/min.125I-labeled
Ang-NPF and Drm-NPF were detected with an in-line Beck-
man Model 170 radioisotope detector, fractions containing
the radiolabeled peptide were collected, and bovine serum
albumin (BSA; Fraction V; Sigma) was added to 1%. The
fractions containing the radiolabeled peptide were counted
on a Beckman Gamma 4000; final concentrations were
determined based on specific activity (∼2000 Ci/mmol) of
125I in the product, which was free of unlabeled peptide and
assumed to be monoiodinated.

2.5. Membrane preparation and peptide binding assays

Membranes were prepared from CHO-K1 cells trans-
fected with pcDNA3.1+ (control), Ang-NPFR or Drm-NPFR
by differential centrifugation. CHO-K1 cell lines express-
ing Ang-NPFR or Drm-NPFR were seeded into 75 cm2 tis-
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PMI-1640 media containing 1 mM pyruvate and 10% F
as added, and the cells were incubated for 48 h at 3◦C
ith 6% CO2. For stable expression of Ang-NPFR,

ransfected CHO-K1 cells were selected for 3 weeks
00�g/ml G418 (Fisher) added to the tissue culture me
xpression of Ang-NPFR cDNA in CHO-K1 cells w
etermined by RT-PCR as described above. CHO-K1
xpressing Drm-NPFR (previously DmNPFR1, CG11
ere prepared as previously described[12].

.4. Peptides and iodinations

The amino acid sequences for Ang-NPF, Aea-NPF,
rm-NPF were deduced from their cloned and seque
DNAs [3,24,30], and chemically synthesized (Ang-NP
VAARPQDSDAASVAAAIRYLQELETKHAQHARPRF-
mide, Dr. Kevin Clark, University of Georgia, Athens, GA
xpected 3985.1 Da confirmed by mass spectroscopy;
PF: SFTDARPQDDPTSVAEAIRLLQELETKHAQHA
PRFamide, Dr. Stephan Klauser, University of Zu
ospital, Zurich, Switzerland; Drm-NPF: SNSRPPRKN
NTMADAYKFLQDLDTYYGDRARVRFamide, >85%
ure; Drm-NPF8–36: KNDVNTMADAYKFLQDLD-
YYGDRARVRFamide, >85% pure; Quality Controll
iochemicals Inc., Hopkinton, MA). According to t
ethod established for bovine PP ([38]; see also[6]), Ang-
PF and Drm-NPF each were iodinated by mixing 10�g
ynthetic peptide, 500�Ci Na125I (Amersham), 400 n
actoperoxidase and 10�l 0.006% hydrogen peroxide
5�l 200 mM sodium phosphate buffer, pH 7.5. Af

ncubation at RT for 10 min with occasional shaking,
ue culture flasks and grown to confluence in RPMI-1
edia containing 10% FBS and 1 mM pyruvate at 37◦C in
% CO2. After reaching confluency, cells were washed

imes with phosphate buffered saline (PBS; Fisher Sc
ific), and then cells were scraped from the flasks in ice-
omogenization buffer (50 mM Tris–HCl, pH 7.5, 250 m
ucrose with 1 protease inhibitor tablet/10 ml; Roche).
craped cells, in homogenization buffer, were transfe
o Oak Ridge tubes (on ice), then homogenized, and
rifuged at 2000×g for 10 min at 4◦C. The supernata
as transferred to a fresh Oak Ridge tube and then

rifuged at 48,000× g for 1 h at 4◦C to pellet the membrane
he resulting membrane pellet was resuspended in ho
nization buffer, and the membranes sheared through
a needle, and then frozen at−80◦C until used in binding
ssays.

To assess NPF binding, membranes were added to bi
uffer (50 mM Tris–HCl, pH 7.5, 1X Hanks’ Balanced S
olution, 1% BSA, with 1 protease inhibitor tablet/10 m
ontaining 100 pM125I-Ang-NPF or 125I-DmNPF along
ith various concentrations of Ang-NPF, Aea-NPF,
rm-NPF as competitor, and then incubated for 3 h
T. After the incubation, membranes were recovered
entrifugation (14,000 rpm at 4◦C), and then washed tw
imes with ice-cold PBS to remove unbound125I-Ang-NPF
r 125I-DmNPF. Tubes were counted on a Packard Cob
amma counter. The raw counts obtained from the bin
ssays were converted to percent binding, and these
nalyzed by non-linear regression analysis (v3.0 Grap
oftware Inc., San Diego, CA) to obtain curves, IC50 values

concentration of Ang-NPF, Aea-NPF or Drm-NPF t
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Fig. 1. Nucleotide and deduced amino acid sequences for the open reading frames (ORF) of cDNAs encodingA. gambiaeNPF (Ang-NPF; GenBank AY579077)
and NPF receptor (Ang-NPFR; GenBank AY579078). (A) Ang-NPF ORF with the amino acid sequence for the prepropeptide: putative signal peptide in bold
italic, processed form of NPF underlined, and convertase cleavage site boxed to indicate C-terminal cleavage and subsequent enzymatic conversion of Gly62

to a C-terminal amide. Oligonucleotide primers for RT-PCR in bold letters. (B) Ang-NPFR ORF with the predicted seven transmembrane domains underlined
in the protein sequence. PotentialN-glycosylation sites boxed and potential intracellular Ser/Thr phosphorylation sites in bold letters. Oligonucleotide primers
for RT-PCR in bold letters.
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reduces specific binding of labeled ligand by 50%) and
statistics, including values ofR2 and standard errors.

3. Results

3.1. Nucleotide sequence and expression of A. gambiae
NPF and NPF receptor

Putative DNA sequences encoding NPF and its receptor
were identified in theA.gambiaegenome[14,24]. Larval cD-
NAs and nucleotide primers specific for the predicted ORFs
of Ang-NPF and Ang-NPFR were used to amplify by PCR
products that were TA-cloned and sequenced (Fig. 1). For
Ang-NPF (GenBank AY579077), the prepropeptide encoded
by the ORF has 100 amino acids of which the first 25 amino
acids constitute a putative signal peptide, based on findings
for Aea-NPF[30]. After removal of the signal peptide, prote-
olysis at a dibasic residue site, Lys63 and Arg64 would yield
a peptide of 37 amino acids, and enzymatic amidation of
the C-terminal Gly62 would result in a mature peptide form
with 36 amino acids (Fig. 1A); the remaining C-terminal of
the prepropeptide is similar to that observed for Drm-NPF
[3]. The deduced protein encoded by the ORF of Ang-NPFR
(GenBank AY579078) is 425 amino acids (Fig. 1B). This pro-
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Fig. 3. Competitive inhibition of125I-Ang-NPF binding to membranes pre-
pared from CHO-K1 cells stably transfected with Ang-NPFR cDNA. Mem-
branes were incubated with 100 pM125I-Ang-NPF and various concentra-
tions of Ang-NPF, Aea-NPF, Drm-NPF, Drm-NPF8–36, or Hez-MP-I for 3 h
at room temperature. Values indicate means± S.E. (N= 3).

abdomen of adult males and females (Fig. 2 upper panel).
A minor PCR product of 431 bp was also detected in these
samples, and its sequence was that of an incomplete splice
product of the Ang-NPF gene with an intron of 121 bp (data
not shown). This intron is located between nucleotides 183
and 184 of the mature cDNA (cf.Fig. 1A), and contains the
consensus donor ‘GT’ and acceptor ‘AG’ splice motif (data
not shown). RT-PCR for Ang-NPFR showed a pattern of PCR
products essentially the same as above, except that the PCR
product was not present in eggs, and only a faint band was
detected in abdomens of adult males (Fig. 2 lower panel).

3.2. Analysis of NPF Binding to Ang-NPFR and
Drm-NPFR

To determine if Ang-NPFR is a functional receptor for
Ang-NPF, a radioreceptor approach was taken. Membranes
prepared from CHO-K1 cells expressing the potentialA.
gambiaeNPFR cDNA specifically bound125I-Ang-NPF,
and this binding was displaced by the addition of Ang-
NPF in a concentration-dependent manner (Fig. 3). An IC50
of 3.48 nM was calculated from the binding data. In addi-
tion, Aea-NPF, Drm-NPF, Drm-NPF8–36, andHeliothis zea

F f theAng-NP s
s an intr p expected
f rom 36 tar larvae,
p p produ he
g r and N
ein is predicted to have seven transmembrane domains
ith the corresponding intracellular and extracellular lo
onsistent with known GPCRs. The N-terminal extracell
egion of Ang-NPFR exhibits two potentialN-glycosylation
ites, along with four potential intracellular Ser/Thr ph
horylation sites: one Ser on the third intracellular loop
ne Ser and two Thr on the C-terminal intracellular tail
ig. 1).

Transcript expression patterns of Ang-NPF and A
PFR were determined for eggs, and head, thorax an
omen regions of fourth instar larvae, pupae, adult m
nd females by RT-PCR. The 310 bp PCR product for
ng-NPF ORF was detected in eggs, and head, thorax
bdomen of fourth instar larvae and pupae; and, head

ig. 2. RT-PCR detection of PCR products indicating transcription o
panning the ORF of Ang-NPF (upper panel) and primers spanning
or Ang-NPF; 430 bp for Ang-NPFR) from cDNA templates obtained f
upae, 3-day-old males and 3-day-old sugar-fed females. The 431 b
ene with an intron of 121 bp. For controls, SP indicates single prime
FandAng-NPFRgenes in life stages ofA. gambiae. Nucleotide primer
on of Ang-NPFR (lower panel) were used to amplify products (310 b
h eggs (E) and the head (H), thorax (T), and abdomen (A) of 4th ins
ct seen in the Ang-NPF RT-PCR is an incomplete splice product of tAng-NPF
T indicates no template.
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Table 1
IC50 values of dipteran NPFs onA. gambiaeNPFR andD. melanogaster
NPFR

Ang-NPFR Drm-NPFR

Ang-NPF 3.48 (2.98–4.07;R2 = 0.99)a 8.13 (6.7–9.87;R2 = 0.99)
Aea-NPF 10.4 (8.74–12.4;R2 = 0.99) 87 (39.7–190;R2 = 0.95)
Drm-NPF 96.9 (42.4–222;R2 = 0.95) 1.64 (1.22–2.21;R2 = 0.98)
Drm-NPF8–36 202 (12.1–3362;R2 = 0.80) 10.6 (7.69–14.6;R2 = 0.98)
Hez-MP-I NA NA

a IC50 values indicate mean (95% confidence interval;R2 value;N= 6);
NA, not active.

Fig. 4. Amino acid sequence comparisons for NPFs fromA. gambiae, A.
aegypti, andD. melanogaster.

midgut peptide (Hez-MP-I; QAARPRFa) were used as com-
petitors of125I-Ang-NPF in binding assays to determine if
they would bind to the Ang-NPFR. Each of the dipteran
NPFs diplaced125I-Ang-NPF in a concentration-dependent
manner, while no displacement was observed for Hez-MP-
I (Fig. 3). The rank order of potency for the peptides was
Ang-NPF > Aea-NPF > Drm-NPF > Drm-NPF8–36(Table 1),
consistent with their sequence similarities (Fig. 4). Mem-
branes prepared from CHO-K1 cells stably transfected with
pcDNA3.1+ vector alone exhibited no specific binding for
125I-Ang-NPF (data not shown).

Reciprocal binding assays were done to determine if the
mosquito NPFs interact with theD. melanogasterNPFR.
As expected from previous binding assays employing whole
cells [12], membranes from CHO-K1 cells stably trans-
fected with Drm-NPFR specifically bound125I-Drm-NPF,
and this binding was displaced by the addition of Drm-NPF
in a concentration-dependent manner (Fig. 5). An IC50 of
1.64 nM was calculated from the binding data. Ang-NPF,
Aea- NPF, Drm-NPF8–36, and Hez-MP-I were used as com-
petitors of 125I-Drm-NPF in binding assays to determine
whether they would bind to the Drm-NPFR. Each of the
dipteran NPFs diplaced125I-DmNPF in a concentration-
dependent manner, while no displacement was observed for
Hez-MP-I (Fig. 5). The rank order of potency for the pep-
t
(

4

laria
m PF,

Fig. 5. Competitive inhibition of125I-Drm-NPF binding to membranes pre-
pared from CHO-K1 cells stably transfected with Drm-NPFR cDNA. Mem-
branes were incubated with 100 pM125I-Drm-NPF and various concentra-
tions of Ang-NPF, Aea-NPF, Drm-NPF, Drm-NPF8–36, or Hez-MP-I for 3 h
at room temperature. Values indicate means± S.E. (N= 3).

and its receptor, Ang-NPFR, which are members of the larger
family of NPY peptides and receptors. The earlier identifica-
tion of Ang-NPFin silico [24] now has been confirmed di-
rectly by cloning and sequencing its cDNA. The sequence of
Ang-NPF resembles that of Aea-NPF and Drm-NPF (Fig. 4),
as well as other NPY family members (cf.[30]). Compared to
vertebrates, the Ang-NPFR is structurally most similar to the
mammalian NPY family receptors of the Y2 subtype (Fig. 6),
which recently have been shown to mediate the anorexigenic
effects of PYY3–36released from the gut in response to eating
[1]. Whether Ang-NPF acts on Ang-NPFR to exert a similar
effect in this mosquito is not yet known.

The genome ofA. gambiae contains three seven-
transmembrane GPCRs which are related by sequence to the
NPY receptor family (Fig. 6). One of these, Ang-NPFR, ap-
pears to be a bona fide receptor for Ang-NPF. This peptide
displaces radiolabeled Ang-NPF with apparent high affinity
(IC50∼ 3 nM). The sequence of Ang-NPFR most closely re-
sembles Drm-NPFR and theLymnaeaNPYR (see also[11]).
The latter two receptors previously have been shown to be
functional receptors for the NPF ofD. melanogaster[12]
and ofL. stagnalis[34], respectively. Moreover, the NPFs of
D. melanogasterandL. stagnalisalso were shown to inhibit
adenylyl cyclase activity when the respective peptides were
added to CHO-K1 cells expressing these receptors[12,34];
s PY
r a
s

three
s ),
A s
o n the
c
p ence
r F. In-
t r
f e
o rm-
N ity of
ides was Drm-NPF > Ang-NPF∼ Drm-NPF8–36> Aea-NPF
Table 1).

. Discussion

The present study indicates that the African ma
osquito,A. gambiae, possesses a neuropeptide F, Ang-N
uch inhibition is prototypical for members of the larger N
eceptor family. Accordingly, Ang-NPFR likely exhibits
imilar signaling characteristic.

Sequences now have been determined for NPFs from
pecies of dipterans,A. gambiae([24]; and the present study
. aegypti[30], andD. melanogaster[3]. For the two specie
f mosquitoes, amino acid sequence identity is notable i
arboxyl terminal two-thirds of their NPFs (Fig. 4). A similar
attern typifies comparisons to Drm-NPF, although sequ
elatedness is reduced compared to either mosquito NP
riguingly, the Drm-NPF first isolated fromD. melanogaste
or sequencing was Drm-NPF8–36 [3]. Given the existenc
f cell lines each stably expressing Ang-NPFR and D
PFR, it was of interest to assess the species specific
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Fig. 6. Phylogenetic tree of NPY receptors. Sequences were subjected
to Clustal X alignment; the dendrogram was constructed based on
Jukes–Cantor distance analysis of the aligned sequences within GCG. For
Ang-NPFR, the amino acid sequence was deduced from the nucleic acid se-
quence determined in the present study (cf.Fig. 1); other receptor sequences
were obtained from GenBank and theA. gambiaeandD. melanogaster
genome projects.

NPF recognition by dipteran receptors, as well as the activity
of the N-terminally truncated Drm-NPF8–36. Also included
for testing was Hez-MP-I, a lepidopteran heptapeptide[15],
which is almost identical to the carboxyl terminal of Ang-
NPF and Aea-NPF.

For Ang-NPFR, activities of peptides in binding assays
indicate that species relatedness determines activities of full-
length NPFs and suggest that N-terminal truncations may
be unfavorable (Table 1). Ang-NPF was the most potent
competitor of125I-Ang-NPF binding to isolated membranes,
with an IC50 of ∼3 nM. Aea-NPF was almost as active
(IC50∼ 10 nM), but Drm-NPF was less so (IC50∼ 97 nM).
Accordingly, activity of full-length NPFs closely tracked
structural relatedness. Drm-NPF8–36 was substantially less
potent as a competitor (IC50 202 nM), suggesting that some

structural feature in the N-terminal one-third of NPFs is im-
portant for receptor interactions. Hez-MP-I was inactive, even
when tested at a concentration of 1�M, suggesting that the
carboxyl terminal heptapeptide of Ang-NPF likely is insuffi-
cient for receptor activation.

Similar conclusions were reached when NPFs and related
peptides were tested on membranes from cells stably ex-
pressing Drm-NPFR. The cognate ligand, Drm-NPF, was
the most potent (IC50∼ 2 nM), with an activity compara-
ble to Ang-NPF and its receptor (see above). Drm-NPF8–36
(IC50∼ 11 nM) lagged in activity, again indicating a func-
tional role for the N-terminal. The clear difference between
Ang-NPF (IC50∼ 8 nM) and Aea-NPF (IC5087 nM) indi-
cates that some structural features shared between Ang-NPF
and Drm-NPF may be important for the binding of the latter to
its receptor. Hez-MP-I again lacked activity. For comparison,
the estimated binding activity of Drm-NPF was higher when
membranes were assayed than when binding was tested uti-
lizing whole cells[12]. In transiently transfected, intact HEK
cells, Drm-NPF has been shown to promote recruitment of
GFP-labeled�-arrestin to Drm-NPFR, but not to any of ten
otherD.melanogasterGPCRs tested[16], further confirming
the activity of this ligand-receptor.

Neither of the other two GPCRs identified from theA.
gambiaegenome as related to the NPY receptor family
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Fig. 6) are likely to be activated by Ang-NPF. The m
istantly related of these (termed Ang-NYR) is similar to aD.
elanogasterreceptor (Drm-NYR, CG5811) that has be

hown preliminarily[31] to be activated by small peptid
holly unrelated to NPFs or other NPY family membe
he otherA. gambiaereceptor is identified as Ang-sNPF
ased on its clear structural resemblance to Drm-sN
CG7395). Recently, short neuropeptide Fs (sNPF;[36])
romD.melanogasterhave been demonstrated as the liga
or Drm-sNPFR [11,21], which is capable of activatin
-protein-coupled inwardly rectifying potassium chann

n a pertussis-toxin sensitive manner[23]. A gene encodin
ng-sNPFs identified in theA. gambiaegenome[24] shows

ittle structural relation to theAng-NPFgene. Indeed, peptid
equence similarities between NPFs and sNPFs are min
et the protein sequences of their receptors are clo
elated.

Intriguingly, Ang-sNPFs resemble “Aedeshead peptides
Aea-HPs;[19,32]), one of which has been shown to
ibit host-seeking by female yellow fever mosquitoes[4].
he gene for Aea-HPs encodes a prohormone conta

hree copies of a decapeptide processed into a bioactive
32], whereas the prohormones insNPFgenes ofA. gam-
iaeandD. melanogasterencode five or four peptides, r
pectively, with differing—but related—sequences. In a
emaleA. aegypti, theAea-HPgene is expressed predom
antly in brain, terminal ganglion, and midgut, but afte
lood meal, the transcript expression patterns differ for

issue during a gonotropic cycle[32]. To date, no ortholo
f the Aea-HPgene has been identified inA. gambiaeor
. melanogaster, and nothing is known about the express
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of thesNPFgene inA. gambiae. The genes encoding NPF,
sNPFs, and Aea-HPs in these dipterans have different struc-
tures, thus indicating that they apparently did not arise from
a single ancestor gene, in contrast to their GPCRs.

As shown in this study by RT-PCR, transcripts for Ang-
NPF and Ang-NPFR were present in the last larval instar,
pupae, and both adult sexes, but only Ang-NPF transcripts
were detected in embryos (eggs,Fig. 2). For both transcripts,
the PCR products appear much diminished in the thorax of
male and femaleA. gambiae, in comparison to that of larvae
and pupae, and a reduction also is evident for male abdomen
relative to that of female. The presence of Ang-NPF tran-
scripts in head, thorax, and abdomens of the different stages
presumably reflects gene expression in the brain (head) and
ventral nerve cord (thorax and abdomen), but their presence
in abdomen also may indicate gene expression in midgut. In
bothD. melanogasterandA. aegypti, NPF gene expression
occurs in specific cells within the brain/CNS and midgut en-
docrine system[3,30]. Although no function for Aea-NPF
has yet been determined, it clearly has a hormonal role in
femaleA. aegypti, since it was isolated from hemolymph of
blood-fed females, and its hemolymph titer changed during
a gonotropic cycle[30]. In general, expression of the Ang-
NPFR gene shows the same pattern in life stages as that of
the Ang-NPF gene (Fig. 2), and the presence of transcripts
i ikely
o
l ues,
a and
i PF-
r ion in
m

ugh
f sease
v in
s s of
c
a on
s
r ding
i .,
G
t bers
o ging
p PY
e
s ,
D oor-
d ional
s
g ing
t and
c NPY
f ing
i ria
m

Acknowledgments

We thank Mr. Dudley Thomas for providingA. gambiae
cDNAs and Mr. Cory Lee for timely assistance with cell cul-
ture. This work was supported by grants to M.R.B. from the
Georgia Experiment Station (GEO00786) and National In-
stitutes of Health (AI33208).

References

[1] Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin
CL, et al. Gut hormone PYY(3–36) physiologically inhibits food
intake. Nature 2002;418(6898):650–4.

[2] Berglund MM, Hipskind PA, Gehlert DR. Recent developments in
our understanding of the physiological role of PP-fold peptide re-
ceptor subtypes. Exp Biol Med 2003;228(3):217–44.

[3] Brown MR, Crim JW, Arata RC, Cai HN, Chun C, Shen P. Identifi-
cation of aDrosophilabrain-gut peptide related to the neuropeptide
Y family. Peptides 1999;20(9):1035–42.

[4] Brown MR, Klowden MJ, Crim JW, Young L, Shrouder LA, Lea
AO. Endogenous regulation of mosquito host-seeking behavior by a
neuropeptide. J Insect Physiol 1994;40(5):399–406.

[5] Cerstiaens A, Benfekih L, Zouiten H, Verhaert P, De Loof A, Schoofs
L. Led-NPF-1 stimulates ovarian development in locusts. Peptides
1999;20(1):39–44.

[6] Crim JW, Garczynski SF, Brown MR. Approaches to radioiodination
of insect neuropeptides. Peptides 2002;23(11):2045–51.

e Y
in

tes:
tides

P)-
the
s

[ ral
tide-
med

[ n C,
cep-

7–

[ rac-

[ e re-
es

[ ,

[ es

Biol

[ aron
by
hem

[ an
ts
n the different body regions indicates gene expression l
ccurs in the CNS, as shown for Drm-NPFR[39]. Detailed

ocalization of Ang-NPFR gene expression in other tiss
long with fragments of information from other insects

nvertebrates, likely will suggest possible links between N
elated receptors and feeding, digestion, and reproduct
osquitoes.
Insects exert many of their harmful actions thro

eeding-related activities, either as crop pests or as di
ectors. Attempts to implicate NPY family members
uch activities date back to the early demonstration
ells immunoreactive for PP in the CNS (e.g., blowfly;[9])
nd midgut (cockroach;[10]) and have included studies
everal non-dipteran species (e.g.,[5,26,27,29,37]). NPY
eceptors have even been implicated in regulation of fee
n Caenorhabditis elegans[7], although the ligands (e.g
LGPRPLRFa, termed AF9) recently described[17,25] for

his nematode receptor initially do not appear to be mem
f either the NPF or sNPF peptide families. The emer
aradigm in mammals is relatively complex, with N
xerting orexigenic responses centrally, whereas PYY3–36
ecreted from the gut is anorexigenic[22]. Promisingly
rm-NPF and Drm-NPFR have been strongly tied to c
ination of physiological processes dependent on nutrit
tatus inD. melanogaster[28,39]. In mosquitoes such asA.
ambiae, the blood meal plays a decisive role in determin

he initiation of vitellogenesis, completion of oogenesis,
onsequent reproductive success. Neuropeptides of the
amily and their receptors likely participate in signal
n relation to nutritional status in the African mala

osquito.
[7] De Bono M, Bargmann CI. Natural variation in a neuropeptid
receptor homolog modifies social behavior and food responseC.
elegans. Cell 1998;94(5):679–89.

[8] De Jong-Brink M, Ter Maat A, Tensen CP. NPY in invertebra
molecular answers to altered functions during evolution. Pep
2001;22(3):309–15.

[9] Duve H, Thorpe A. Localisation of pancreatic polypeptide (P
like immunoreactive material in neurons of the brain of
blowfly, Calliphora erythrocephata (Dipters). Cell Tissue Re
1980;210(1):101–9.

10] Endo Y, Nishiitsutsuju-Uwo J, Iwanaga T, Fujita T. Ultrastructu
and immunohistochemical identification of pancreatic polypep
immunoreactive endocrine cells in the cockroach midgut. Bio
Res 1982;3:454–6.

11] Feng G, Reale V, Chatwin H, Kennedy K, Venard R, Ericsso
et al. Functional characterization of a neuropeptide F-like re
tor from Drosophila melanogaster. Eur J Neurosci 2003;18(2):22
38.

12] Garczynski SF, Brown MR, Shen P, Murray TF, Crim JW. Cha
terization of a functional neuropeptide F receptor fromDrosophila
melanogaster. Peptides 2002;23(4):773–80.

13] Hewes RS, Taghert PH. Neuropeptides and neuropeptid
ceptors in theDrosophila melanogastergenome. Genome R
2001;11(6):1126–42.

14] Hill CA, Fox AN, Pitts RJ, Kent LB, Tan PL, Chrystal MA
et al. G protein-coupled receptors inAnopheles gambiae. Science
2002;298(5591):176–8.

15] Huang Y, Brown MR, Lee TD, Crim JW. RF-amide peptid
isolated from the midgut of the corn earworm,Helicoverpa
zea, resemble pancreatic polypeptide. Insect Biochem Mol
1998;28(5/6):345–56.

16] Johnson EC, Bohn LM, Barak LS, Birse RT, Nassel DR, C
MG, et al. Identification ofDrosophila neuropeptide receptors
G protein-coupled receptors-beta-arrestin2 interactions. J Biol C
2003;278(52):52172–8.

17] Kubiak TM, Larsen MJ, Nulf SC, Zantello MR, Burton KJ, Bowm
JW, et al. Differential activation of “social” and “solitary” varian



S.F. Garczynski et al. / Peptides 26 (2005) 99–107 107

of theCaenorhabditis elegansG protein-coupled receptor NPR-1 by
its cognate ligand AF9. J Biol Chem 2003;278(36):33724–9.

[18] Land KM. The mosquito genome: perspectives and possibilities.
Trends Parasitol 2003;19(3):103–5.

[19] Matsumoto S, Brown MR, Crim JW, Vigna SR, Lea AO. Isolation
and primary structure of neuropeptides from the mosquito,Aedes
aegypti, immunoreactive to FMRFamide antiserum. Insect Biochem
1989;19:277–83.

[20] Meeusen T, Mertens I, De Loof A, Schoofs L. G protein-coupled
receptors in invertebrates: a state of the art. Int Rev Cytol
2003;230:189–261.

[21] Mertens I, Meeusen T, Huybrechts R, De Loof A, Schoofs L. Char-
acterization of the short neuropeptide F receptor fromDrosophila
melanogaster. Biochem Biophys Res Commun 2002;297(5):1140–8.

[22] Neary NM, Small CJ, Bloom SR. Gut and mind. Gut
2003;52(7):918–21.

[23] Reale V, Chatwin HM, Evans PD. The activation of G-protein
gated inwardly rectifying K+ channels by a clonedDrosophila
melanogasterneuropeptide F-like receptor. Eur J Neurosci 2004;
19(3):570–6.

[24] Riehle MA, Garczynski SF, Crim JW, Hill CA, Brown MR. Neu-
ropeptides and peptide hormones inAnopheles gambiae. Science
2002;298(5591):172–5.

[25] Rogers C, Reale V, Kum K, Chatwin H, Li C, Evans P, et al. Inhibi-
tion of Caenorhabditis eleganssocial feeding by FMRFamide-related
peptide activation of NPR-1. Nat Neurosci 2003;6(11):1178–85.

[26] Schoofs L, Danger JM, Jégou S, Peeletier G, Huybrechts R, Vaudry
H, et al. NPY-like peptides occur in the nervous system and midgut
of the migratory locust,Locusta migratoriaand in the brain of the
gray fleshfly,Sarcophaga bullata. Peptides 1988;9(5):1027–36.

[ of
tral
p

[ of
stem

[29] Spittaels K, Verhaert P, Shaw C, Johnston RN, Devreese B, Van
Beeumen J, et al. Insect neuropeptide F (NPF)-related peptides: isola-
tion from Colorado potato beetle (Leptinotarsa decemlineata) brain.
Insect Biochem Mol Biol 1996;26(4):375–82.

[30] Stanek DM, Pohl J, Crim JW, Brown MR. Neuropeptide F and its
expression in the yellow fever mosquito,Aedes aegypti. Peptides
2002;23(8):1367–78.

[31] St-Onge S, Fortin JP, Labarre M, Steyaert A, Schmidt R, Ahmad S,
et al. In vitro pharmacology of the NPFF and FMRFamide-related
peptides at the PR4 receptor ofDrosophila melanogaster. Soc Neu-
rosci Abstr 2000;23:140.9.

[32] Stracker TH, Thompson S, Grossman GL, Riehle MA, Brown
MR. Characterization of the AeaHP gene and its expression in
the mosquitoAedes aegypti(Diptera:Culicidae). J Med Entomol
2002;39(2):331–42.

[33] Taghert PH, Veenstra JA.Drosophila neuropeptide signalling. Adv
Genet 2003;49:1–65.

[34] Tensen CP, Cox KJA, Burke JF, Leurs R, van der Schors RC, Ger-
aerts WPM, et al. Molecular cloning and characterization of an in-
vertebrate homologue of a neuropeptide Y receptor. Eur J Neurosci
1998;10(11):3409–16.

[35] Vanden Broeck J. Insect G protein-coupled receptors and sig-
nal transduction. Arch Insect Biochem Physiol 2001;48(1):1–
12.

[36] Vanden Broeck J. Neuropeptides and their precursors in
the fruitfly, Drosophila melanogaster. Peptides 2001;22(2):241–
54.

[37] Veenstra JA, Lambrou G. Isolation of a novel RFamide pep-
tide from the midgut of the American cockroachPeriplaneta
Americana. Biochem Biophys Res Commun 1995;213(2):519–

[ ep-
iego,

[ con-
e

27] Settembrini BP, Nowicki S, Hokfelt T, Villar MJ. Distribution
NPY and NPY-Y1 receptor-like immunoreactivities in the cen
nervous system ofTriatoma infestans(Insecta:Heteroptera). J Com
Neurol 2003;460(2):141–54.

28] Shen P, Cai HN.Drosophilaneuropeptide F mediates integration
chemosensory stimulation and conditioning of the nervous sy
by food. J Neurobiol 2001;47(1):16–25.
24.
38] Whitcomb DC, Vigna SR, Taylor IL. Pancreatic polypeptide rec

tors in brain. In: Conn P, editor. Methods in neuroscience. San D
CA: Academic; 1993. p. 317–33.

39] Wu Q, Wen T, Lee G, Park JH, Cai HN, Shen P. Developmental
trol of foraging and social behavior by theDrosophilaneuropeptid
Y-like system. Neuron 2003;39(1):147–61.


	Characterization of neuropeptide F and its receptor from the African malaria mosquito, Anopheles gambiae
	Introduction
	Experimental procedures
	Cloning and sequences analysis of Ang-NPFR cDNAs
	RT-PCR analysis of Ang-NPF and Ang-NPFR gene expression in eggs, larvae, pupae and adults
	Expression of putative Ang-NPF receptor cDNAs in CHO-K1 cells
	Peptides and iodinations
	Membrane preparation and peptide binding assays

	Results
	Nucleotide sequence and expression of A.gambiae NPF andNPF receptor
	Analysis of NPF Binding to Ang-NPFR and Drm-NPFR
	Discussion

	Acknowledgments
	References


